tion. Several studies have defined the utility of MRI with STIR sequencing in the evaluation of the adult cervical spine. 4, 7, 16 Magnetic resonance imaging has been shown to have a greater sensitivity for identifying soft tissue and ligamentous injury. 1 A meta-analysis on the use of MRI to clear the cervical spine in adult trauma concluded that negative results on MRI can reliably exclude cervical spine injury, validating its utility as a screening tool. 14 Although clinical clearance protocols have been applied to the pediatric population, MRI may not be similarly extrapolated to children because of physiological differences between the adult and pediatric cervical spine as well as a lack of validation in the pediatric population. 5, 6, 15 These anatomical differences may be significant and arguably contribute to the increased prevalence of cervical spine injuries in children compared with adults. 2 Research into the use of MRI for cervical spine clearance in the pediatric population is scarce. In a recent study, Brockmeyer et al. 8 assessed different imaging modalities in clearing the cervical spine and concluded that the best method to clear the pediatric cervical spine is the use of flexion-extension fluoroscopy. Another study found that MRI was required in 31% of cases to clear the cervical spine due to failure of plain radiographs, including flexion-extension studies. 9 Also of note, Frank et al. 10 have shown that the use of MRI in children has led to lower costs, a shortened hospital stay, and faster clearance of the cervical spine. Magnetic resonance imaging may play an important role in the clearance of the cervical pediatric spine, but this role has not yet been fully defined.
We reviewed our series of pediatric patients who underwent STIR MRI studies as part of their trauma evaluation of the cervical spine. The use of STIR imaging has proven to be more reliable than other MRI sequences for determining the extent of soft tissue injury, as STIR sequences allow for better fat suppression. 7 Our goal was to determine the practice patterns of cervical spine clearance in our pediatric patients with an intention to determine the sensitivity and specificity of MRI to detect injury in cervical spine trauma.
Methods
Institutional review board approval was obtained from our institutional committee. A pediatric trauma database at Tufts Medical Center, a Level 1 pediatric trauma center, was queried, and patients treated between 2002 and 2011 who met the following 3 inclusion criteria were identified: 1) age of 18 years or less at the time of injury, 2) could not be cleared by means of clinical criteria, and 3) underwent MRI of the cervical spine with a STIR sequence within 48 hours of injury. The term "MRI" will be used subsequently in this paper to refer specifically to MRI studies with STIR sequences. The MRI studies were performed using the following systems: Siemens Harmony 1.0, Siemens Symphony 1.5, GE Signa 12.0, Philips Achieva MT3T, and Philips Achieva 1.5XR.
Once this sample population was compiled, all relevant patient demographic and injury parameters were retrospectively gathered through patient charts and electronic medical records. Each patient's hospital course and follow-up was also documented, including all relevant cervical spine studies, the rationale for obtaining an MRI study, and the method of cervical spine clearance. Although all patients included in the study presented with significant trauma, each patient was categorized into one of 5 groups describing specifically what necessitated radiographic cervical clearance: 1) neck pain, 2) neurological deficit, 3) reported neurological symptoms (such as transient paresthesias, numbness), 4) distracting injuries (that is, injuries that might keep patients from noticing neck pain), or 5) hospital arrival with tracheal intubation/ patient unable to comply with examination. Patients who qualified for more than one category were grouped into a separate category.
Patients were then divided into 2 separate categories based on whether they were cleared prior to discharge or whether they required a hard collar and clearance at follow-up. Analysis focused on patients who were cleared prior to discharge, as significant variability existed in the physicians' rationale and criteria for outpatient cervical spine clearance.
Cases in which MRI diagnosed a cervical injury requiring surgical stabilization were considered true positives, whereas cases in which the MRI findings were negative and the patients were cleared as in-patients and had follow-up information on record were deemed true negatives. A true negative was determined based on clinical outcome at follow-up where the patient did not require surgical intervention and had no instability or pain. A missed diagnosis (false negative) was defined as any case in which the patient displayed clinical (significant pain or neurological compromise) or radiographic evidence of instability upon follow-up with an initially negative MRI study. A false positive was defined as a case in which MRI showed abnormal findings, but the patient was cleared by flexion-extension radiographs during admission. Dynamic radiographs were only used if the patient had a reasonable range of cervical motion (touching the chin to chest and looking at the ceiling approximating 30° of motion). These values were used to determine the sensitivity, specificity, positive predictive value, and negative predictive value for MRI to clear the cervical spine in pediatric trauma.
Results
We retrospectively identified 146 patients who met inclusion criteria. Twelve patients were excluded due to lack of information regarding the details of cervical spine clearance in the medical charts. Of the remaining 134 patients, 23 were prescribed a rigid collar and cleared at follow-up. Given the variability in practice patterns, these
The mean age of the inpatients in the cases analyzed was 8.3 ± 5.8 years, and 65% of the patients were male. The most common mechanism of injury was a motor vehicle accident (40%) and the mean GCS score of patients was 12.1 ± 5.0. These patients remained in the hospital (as inpatients) an average of 5 days (range 0-28 days). The majority of patients had a mental status examination appropriate for their age, but 16% were intubated upon arrival or in the emergency room. Given that the MRI studies were performed within 48 hours of admission, all patients had a definitive plan regarding cervical spine clearance within that time frame (Table 1) .
Of the 73 patients who were included in the analysis, 70 had negative findings on MRI, and 3 had positive findings on MRI (MRI with abnormal findings). Of those with negative MRI findings, 43 also had a cervical spine CT scan with negative findings, 3 had a CT scan and cervical flexion/extension radiographs with negative findings in both studies, and 24 had no other study done other than the MRI to clear the cervical spine. In one of the 3 cases of positive MRI findings, the diagnosis was complete spinal cord injury and a C-6 vertebral body fracture requiring surgical stabilization at C5-7. In the 2 other cases, the findings were consistent with interspinous injury and an annular tear. Flexion-extension radiographs were negative for the 2 patients who did not require surgery ( Fig.  2 ). Of note, the 38 patients who were cleared prior to discharge but did not have follow-up information on record all had solely negative MRI findings.
The 2 patients cleared with positive MRI findings represented the false-positive value and the 70 patients cleared with negative MRI findings represented the truenegative value. The sole patient who had an abnormal MRI finding and consequently underwent surgical stabilization represented the true-positive value. There was no clinical suspicion of instability or pain on follow-up in any of the patients who were cleared; thus, the falsenegative value was presumed to be 0. This translates into a sensitivity of 100%, a specificity of 97%, a negative predictive value of 100%, and a positive predictive value of 33% ( Table 2) .
Because of anatomical differences, a subgroup comparison was made between children younger than 8 years of age (n = 33) and those 8 years old or older (n = 40). The mean GCS score was lower in the younger group (10.8 vs 13.4, p = 0.03), but comparison of time to clearance and length of stay showed no statistically significant difference. As expected, the younger group had a greater number of falls as the mechanism of trauma (46%) and fewer sports injuries (3%). Motor vehicle accidents were a common cause of trauma in both groups, but they were slightly more common in the older children (45% vs 33%). Domestic violence as a reason for trauma was only seen in the younger group (6%). More patients in the younger group were also intubated upon arrival (30%) and fewer patients in this group presented with neck pain. The most commonly identified reason for obtaining an MRI was the presence of a distracting injury in both groups (Table 3 ).
Discussion
Currently there is no consensus on the role of MRI in pediatric cervical spine clearance. Its use in the adult population has been evaluated and its reliability as a tool in determining ligamentous and soft-tissue injury has been well validated, yet these data cannot be extrapolated to the pediatric population due to anatomical differences and a lack of its validation to date. The NEXUS study, 11 which developed the current protocol commonly used for clinical clearance, included patients of a wide age range. The patients ranged from less than 1 year to 101 years of age, with only 2.5% less than 8 years old. The low incidence of pediatric cervical spinal trauma is likely one of the reasons that the use of MRI in this population has not been validated to date.
Given the paucity of cases, there are few studies assessing the role of MRI in pediatric cervical spine clearance. [8] [9] [10] 13, 17 Some studies have focused on the use of differing imaging modalities to clear obtunded patients, 8, 17 while others have primarily used it when clearance by other modalities within a short time frame is unlikely. 2, 15 Frank et al. 10 reported on 51 patients, describing the average time to cervical spine clearance after a protocol was implemented. They noted an average decrease from 5.1 days to 3.2 days. However, they did not report significant clinical parameters and had a high incidence of abnormal MRI findings (12.9%). The frequency of abnormal MRI findings may have been related to their selection criteria of identifying cases that were suspicious for cervical spine injuries and involved patients who were expected to not be cleared within 72 hours by other methods.
Flynn et al. 9 published the same center's clinical out- comes of 74 cases in which the patients were cleared by MRI and noted that there were abnormal MRI findings in 23.4%. Our cohort is similar to theirs in many respects. In both cohorts, motor vehicle accidents were the most common cause of injury, most patients were male (65% in our study and 72% in theirs), and the average age was approximately the same (8.3 years in our study and 7.2 years in theirs). Both cohorts had similar percentages of patients with cervical pain as an indication for MRI. We had a slightly lower representation in the remaining indications of altered mental status and neurological deficits, but this is likely due to our grouping patients with multiple indications into a separate category. However, we noted abnormal findings in only 4% of MRI studies. This probably reflects patient selection, as Flynn et al. limited their study to patients expected to not be cleared within 72 hours by other means, and we included all patients seen for trauma in our database. In their series, 7 of 15 patients had ligamentous injury requiring external orthosis, 7 of 15 had soft tissue injuries requiring a soft collar, and 1 fracture was identified that was missed by plain radiographs. We only noted 1 true finding of ligamen-tous injury in our series, and this was in the patient with a complete spinal cord injury; the other 2 patients with MRI findings suggesting soft tissue injury (interspinous injury and an annular tear) were cleared using dynamic radiographs.
There may be differences within the pediatric population with regard to the anatomy of the cervical spine if the population is stratified by age, specifically at the upper limit of 7 years of age. 12 At 8 years of age, the cervical spine begins to resemble that of an adult; most importantly, the fulcrum of movement ascends to C5-6 after 8 years of age, as opposed to C2-3 in the younger group. We sought to determine if patients younger than 8 years of age had a different hospital course than those 8 years of age and older, as such a finding may allude to a difference in clearance patterns (Table 3 ). When our sample was stratified according to age (< 8 years vs ≥ 8 years), we found no significant difference in time between injury and clearance, length of stay, or time between clearance and most recent follow-up. The mechanisms of injury differed by age, and as expected, the younger children were more often involved in falls or domestic violence, whereas old- er children more commonly presented with sports injuries. The most common indication for obtaining an MRI in both groups was the presence of distracting injuries. However, a significantly greater percentage of patients in the younger group were intubated. The greater number of intubated children in the younger cohort may account for the lower mean admission GCS score in that group as well. This may be due to a greater degree of difficulty in assessing a younger child presenting with trauma or may be due to referral patterns, as young infants were more often intubated in our cohort. Brockmeyer et al. 8 recently reported a prospective study evaluating different modalities in assessing cervical spine instability in obtunded pediatric patients. In a series of 24 cases, all patients underwent MRI, fluoroscopic dynamic radiographic examination, CT imaging, and plain radiographic examination. They noted that MRI had a sensitivity of 100% and specificity of 74% and did not advocate its use in evaluation of obtunded children. We, similarly, had a sensitivity of 100%, and we had a higher specificity of 97%. However, our 2 cohorts differ significantly, as only 16% of our patients were intubated. Although MRI appears to have lower specificity, we still consider its use as a valid screening tool because a negative MRI appears to sufficiently rule out the presence of any injury. 2 Our finding reflects findings in the adult literature, where MRI is overly sensitive and may identify a greater number of false positives. Furthermore, the clinical follow-up in our series allows greater accuracy in determining that some of the negative MRI studies are not false negatives. Our analysis of the usage of STIR MRI in cervical spine clearance focused solely on those patients who were cleared prior to discharge and who had a follow-up appointment, as this patient population provided the clearest treatment course that provided both initial cervical spine ruling and final clinical outcomes, translating into a reliable parameter to be used in sensitivity and specificity calculations. However, as children heal remarkably well, some of those patients treated with a collar and cleared on follow-up may have had true injuries that were missed by their exclusion from our analysis.
Though this study was able to determine important parameters for MRI use in cervical spine clearance, it is limited in its retrospective nature. This study was also limited in that it was performed only at one center, and given the low incidence of pediatric cervical spine injury, it was limited in its magnitude. Another limitation of this study is the missing clinical outcome of several patients in this study. Of the original 146 patients included in this study, 12 patients did not have complete information in the medical records and 38 did not have any clinical follow-up. These patients therefore were considered lost to follow-up and not included in the final analysis because the clinical outcome of their treatment was not available; this which allows for a significant degree of selection bias. Furthermore, interpretation of our results is limited, given the small sample size of our study cohort. Also, many patients with cervical spine trauma who had a definitive positive finding on initial radiographic images (CT) may not have undergone MRI if the results were not expected to impact management. Therefore, patients with a fracture without neurological deficits requiring external orthoses or patients with an incomplete spinal cord injury rushed to the operating room may not have undergone MRI scans. This limited the sample size of our study, especially with respect to patients with positive findings of cervical spine injuries required to determine MRI sensitivity.
Conclusions
Short T1 inversion recovery MRI may play a significant role in cervical spine clearance in children. In our series, it had a sensitivity of 100%, a specificity of 97%, a positive predictive value of 33%, and a negative predictive value of 100% in detecting pediatric cervical spine instability. Although potential oversensitivity should be taken into account, this modality may be a useful tool in ruling out suspected cervical spine injury, although which abnormal MRI findings correlate to clinical instability has yet to be determined.
